Hydrogen/deuterium exchange reactions in a quadrupole ion trap mass spectrometer are used to differentiate galloylated catechin stereoisomers (catechin gallate and epicatechin gallate; gallocatechin gallate and epigallocatechin gallate) and the nongalloylated analogs (catechin and epicatechin, gallocatechin and epigallocatechin). Significant differences in the hydrogen/ deuterium exchange behavior of the four pairs of deprotonated catechin stereoisomers are observed upon reaction with D 2 O. Interestingly, the nongalloylated catechins undergo H/D exchange to a much greater extent than the galloylated species, incorporating deuterium at both aromatic/allylic and active phenolic sites. Nongalloylated catechin isomers are virtually indistinguishable by their H/D exchange kinetics over a wide range of reaction times (0.05 to 10 s). Our experimental results are explained using high-level ab initio calculations to elucidate the subtle structural variations in the catechin stereoisomers that lead to their differing H/D exchange kinetics. (J Am Soc Mass Spectrom 2007, 18, 1749 -1759
T andem mass spectrometry has become a powerful and widely-applied technique for isomeric differentiation of a wide variety of compounds ranging from peptides and biomolecules [1] [2] [3] [4] to flavonoids [5, 6] and steroids [7] . Typically, differences in mass spectral fragmentation pathways for isomeric molecules are elucidated using collisionally activated dissociation (CAD) methods, which may be further enhanced by metal complexation strategies. Opportunities for successful differentiation of isomeric compounds may be significantly expanded, however, by coupling traditional tandem mass spectrometry with ion-molecule reaction techniques [8] . Many ion-molecule reactions are highly sensitive to molecular structure and can therefore be exploited to derivatize isomers in a way that may enhance differences in mass spectral fragmentation patterns, reflect inherent conformational variations, and reveal dissimilarities in the selectivities and efficiencies of molecular reactions.
In particular, hydrogen/deuterium (H/D) exchange reactions are a very sensitive probe of molecular structure, especially conformation [8 -31] . Because H/D exchange is a low-energy reaction, it can be used to evaluate the intrinsic structures of gas-phase ions, unlike the more energetic CAD methods, which impart significant internal energy and may cause rearrangements and substantial disruption of intramolecular interactions [8] . We have been interested in exploring the use of H/D exchange reactions for isomer differentiation and developing correlations with conformational effects for several years [9, 10] , and we have recently focused our attention on the H/D exchange reactions of green tea catechin stereoisomers because of the difficulty in distinguishing these compounds using traditional tandem mass spectrometric methods.
All catechins share a general flavan-3-ol structure and are found naturally in a number of plant-derived products, but they occur in particularly high concentration in green tea. The most abundant catechins in green tea exist as four pairs of stereoisomers: catechin and epicatechin; epigallocatechin (EGC) and gallocatechin (GC); catechin gallate (CG) and epicatechin gallate (ECG); and epigallocatechin gallate (EGCG) and gallocatechin gallate (GCG) (see Figure 1 for structures). Green tea catechins have been thoroughly studied in vitro, and are known to have potent antioxidant activity [32, 33] and have been shown to inhibit carcinogenesis, mutagenesis, and tumorigenesis [34 -36] . Green tea consumption has been correlated with inhibition of certain types of cancer (primarily of the digestive system) [37, 38] and the prevention of heart disease [37, 39] .
Like many flavonoids, the bioavailability and bioefficacy of the catechin isomers differ greatly depending on their molecular structure [40, 41] . Differences in catechin structure are known to directly affect the absorption, metabolism, and elimination of these compounds in humans [35, 42] . For example, EGCG, the most prevalent catechin in green tea and arguably the most studied, is preferentially excreted in bile while other nongalloylated catechins are rapidly eliminated in urine [35] . The galloyl moiety has also been shown to increase radical scavenging capabilities, with EGCG and ECG having significantly larger Trolox equivalent antioxidant activity (TEAC) values than the other catechins present in green tea [37] . Accurate structural determination is therefore extremely important in developing a more complete understanding of the biological properties and activities of green tea catechins.
Mass spectrometry (MS) is a prevalent technique for the elucidation of flavonoid structure [43] [44] [45] , and electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) MS methods are most often used for the analysis of catechins. Green tea catechins have been previously identified by direct infusion ESI-MS [46] and tandem MS (MS/MS) [47, 48] , but these techniques fail to distinguish the structures of catechin stereoisomers. Only by pairing gas [49, 50] or liquid [51] [52] [53] [54] chromatography with mass spectrometric detection can two stereoisomers such as catechin and epicatechin (molecular masses ϭ 290 Da; see Figure 1 ) be differentiated by mass spectral analysis.
In the present study, we explore the H/D exchange reactions of four sets of isomeric catechins, with an emphasis on examining the impact of stereoisomerism on the extent and kinetics of H/D exchange. H/D exchange is a powerful technique for gaining structural information about stereoisomers, and it has been previously used to differentiate isomeric flavonoid aglycones and glycosides by tandem MS [9] and methylated flavonoid derivatives by chemical ionization MS [31] .
We have used a quadrupole ion trap (QIT) mass spectrometer to monitor gas-phase H/D exchange reactions between deuterium oxide (D 2 O) and eight green tea catechins, including four nongalloylated (catechin, epicatechin, EGC, and GC) and four galloylated (CG, ECG, EGCG, and GCG) stereoisomers. Our experimental results are explained using ab initio calculations that elucidate the subtle variations in the catechin stereoisomers that affect their overall H/D exchange kinetics.
Experimental

Chemicals and Reagents
(ϩ)-Catechin hydrate, (-)-epicatechin, (-)-gallocatechin, (-)-epigallocatechin, (-)-gallocatechin gallate, (-)-epigallocatechin gallate, (-)-catechin gallate and (-)-epicatechin gallate were purchased from Sigma-Aldrich (Milwaukee, WI). Deuterium oxide (D 2 O) was obtained from Cambridge Isotope Laboratories (Andover, MA) and HPLC-grade methanol (MeOH) was purchased from Fisher Scientific (Fair Lawn, NJ). All chemicals and reagents were used without further purification.
Stock solutions of each catechin stereoisomer in MeOH were prepared at concentrations ranging from 1 to 3 mM and stored at 4°C until use. Dilute working solutions of the catechin stereoisomers in MeOH (40 -100 M) were then prepared from the stock standards immediately before mass spectral analysis.
H/D Exchange Conditions
A Hitachi (Tokyo, Japan) 3DQ quadrupole ion trap mass spectrometer equipped with an electrospray ionization (ESI) source was used for all H/D exchange experiments. Catechin isomer solutions were introduced into the ESI source by direct infusion using a Harvard Apparatus syringe pump (Holliston, MA) set at a rate of 5 L/min with the MeOH makeup flow at 80 L/min. The ESI probe, focus, and drift voltages were individually optimized for each pair of catechin stereoisomers. The following instrumental parameters were held constant for all experiments: nitrogen sheath gas ϭ 2 kg/cm 2 ; helium damping gas ϭ 2 kg/cm 2 ; assistant gas heater ϭ 200°C; desolvation temperature ϭ 150°C; and aperture temperature ϭ 150°C.
Before an H/D exchange experiment, the catechin of interest was first detected in its deprotonated form (negative ion mode) with the helium buffer gas pressure at nominally 3.5 ϫ 10 Ϫ5 torr, as read from the ion pressure gauge. The exchange reagent, deuterium oxide, was then introduced into the ion trap using a house-designed leak assembly that has been previously described in detail [9] . The nominal D 2 O pressure in the vacuum chamber was 3.5 ϫ 10 Ϫ4 torr and the reaction/ exchange time with the catechin isomer of interest was varied between 0.05 and 10 s. For all exchange reactions, the ion accumulation time was 200 ms and the isolation time was set at 20 ms.
All H/D exchange data were corrected for isotopic contributions and normalized before data fitting. H/D exchange rate constants and kinetic plots were determined using KinFit [55] .
Molecular Modeling and Acidity Calculations
Low-energy conformations were determined for catechins in this study and their respective anions either by manual systematic searching at the semi-empirical (PM3) level (catechin, epicatechin) or by conformational sampling using a Monte Carlo method with the MMFF force-field (GC, EGC, CG, ECG) in the Spartan '04 Essential Edition software package (Wavefunction, Irvine, CA) [56] . All structures were then further optimized using ab initio methods at the HF/6-31G ϩ (d,p) level using the Gaussian 03 software package [57] . Vibrational frequencies were computed at the same level of theory and scaled by a factor of 0.9153 to determine the corrected zero-point energies (ZPE C ) [58] .
[Currently no reported zero-point vibrational energy scaling factor exists in the literature for the HF/6-31G ϩ (d,p) level of theory. Therefore, we used the scaling factor developed for HF/6-31 ϩ G(d), a value of 0.9153 [58] . We anticipate this has no significant impact on our calculated gas phase acidities because of both the inherent uncertainties associated with the determination of scaling factors [59] and due to the fact that the zeropoint correction has only a small contribution to our calculated electronic energy (E elec ).] Single-point energies (E 0 ) were then calculated for each of the optimized neutral (HA) and anionic (A -) catechins at the MP2/6-311 ϩ G(d,p) level. The gas-phase acidity (⌬H acidity ) was finally computed for each catechin as the difference between the total energy (E elec ) of the respective anion (E elec,A-ϭ E 0,A-ϩ ZPE C,A-) and neutral species (E elec,HA ϭ E 0,HA ϩ ZPE C,HA ). Relative acidities were calculated as the difference between the absolute acidity and the lowest calculated anion acidity for each compound. Our methodology was closely based on several previous theoretical studies of the gas-phase acidities of flavonoids [9, 60, 61 ] to balance accuracy with our available computational resources.
Results and Discussion
All of the green tea catechins used in the present study form abundant deprotonated molecular ions upon electrospray ionization and were therefore analyzed in the negative ion mode. Previous research has shown that, in general, the negative ion mode is preferable for the ESI-MS analysis of flavonoids because it affords better sensitivity due to the ease of deprotonating acidic flavonoid hydroxyl groups [62, 63] .
H/D exchange reactions were completed with all catechin isomers using deuterated water (D 2 O) as the exchange reagent. Deuterium oxide was chosen because a previous comparison of the reactivity of several common H/D exchange reagents (D 2 O, CD 3 OD, and ND 3 ) with the flavonoids neohesperidin and rutin showed D 2 O to be the "most effective" exchange reagent for the model flavonoids studied [9] .
H/D Exchange of Nongalloylated Catechin Stereoisomers
During a typical gas-phase H/D exchange experiment, some portion of the labile hydrogens on the analyte ion, usually those attached to nitrogen, oxygen, or sulfur atoms, may be replaced by deuterium atoms from the exchange reagent. The process by which this exchange occurs can vary, but the rate and extent of deuterium incorporation relates to specific properties of the analyte (e.g., gas-phase acidity, deprotonation/charge site, conformation) and exchange reagent (e.g., gas-phase acidity/basicity). Figure 2 shows a typical mass spectrum for the deprotonated catechin molecular ion, denoted as (M Ϫ H) -, before the addition of H/D exchange reagent ( Figure 2a ) and after reaction with deuterium oxide (Figure 2b ). At 10,000 ms, the longest exchange time used in the present study, a peak for the deprotonated molecular ion remains visible but incorporation of up to six deuteriums, ( Table 1 presents the expected number of labile hydrogens for each of the deprotonated nongalloylated catechin isomers along with the maximum number of exchanges observed after 10 s reaction time. All of the nongalloylated catechin isomers have a greater number of H/D exchanges than predicted by the number of labile hydrogens for the deprotonated molecules, implying that deuterium exchange is occurring with aromatic or allylic nonlabile hydrogens. Interestingly, deuterium exchange occurs to a significantly greater extent at nonlabile sites on gallocatechin and epigallocatechin (four nonlabile proton exchanges) than for catechin and epicatechin (two nonlabile proton exchanges), although the gallocatechins differ from the catechins only by the addition of a third hydroxyl group on the flavonoid B ring (see Figure 1) . Typically, nonlabile hydrogens are exchanged with deuterium during more energetic processes, such as chemical ionization [31, 64] , but are rarely observed after creation of ions by ESI. However, Reed and Kass demonstrated that gentle activation or energy accumulation during ESI can provide sufficient energy to cause exchange at nonlabile sites via a scrambling mechanism [11] . By studying a series of carboxylate ions under various instrumental conditions, the authors found that scrambling occurs via transfer of a "relatively acidic" nonlabile hydrogen to the deprotonation site followed by deuterium transfer to the new charge location from a deuterated group elsewhere on the ion.
A previous computational study utilizing semi-empirical (PM3, AM1) methods and combined density function theory (DFT) to study bond dissociation energies provides insight into the relative acidities of allylic and phenolic protons in green tea catechins [65] . Zhang and Wang calculated the bond dissociation energies (BDEs) of allylic and hydroxyl protons on epicatechin and epigallocatechin and showed that the allylic hydrogen at the carbon-2 (C2) position on the flavonoid C ring has a BDE comparable to the phenolic 3=-OH proton [65] . Their work confirmed an experimental and semi-empirical computational study by Kondo and coworkers, which suggested abstraction of allylic hydrogens from epicatechin and epigallocatechin plays an important role in the antioxidative effect of these compounds [66] . Both of these studies confirm the presence of relatively acidic nonphenolic hydrogens that we speculate may participate in a scrambling mechanism during H/D exchange reactions for the nongalloylated catechins. This scrambling process could lead to deuterium incorporation at nonlabile sites by a mechanism such as that proposed in Scheme 1.
To probe further differences in the H/D exchange reactivity of the nongalloylated catechins with deuterium oxide, kinetic data were collected and are summarized in Table 1 . All rate constants were extracted from kinetic plots such as the one shown for catechin in Figure 3 . Over the exchange time studied, the relative abundance of nondeuterated catechin, D(0), decreases while the other deuterated species, D(1) through D(6), subsequently increase. Stereoisomerism was found to have little effect on the reaction kinetics of the nongalloylated catechins with deuterium oxide. Catechin and epicatechin incorporate deuterium to the same extent (six exchanges) with similar rate constants for each deuterium exchange. Gallocatechin and epigallocatechin also exchange the same number of deuteriums (nine) with comparable individual rate constants.
However, comparing the H/D exchange kinetics of catechin/epicatechin with gallocatechin/epigallocatechin reveals significant differences not only in the extent of deuterium incorporation, as discussed above, but also in the apparent rate constants. Although it is difficult to make a quantitative comparison of rate constants since the nongalloylated catechins have multiple sites for deuterium exchange, it is evident when comparing the gallocatechins to the catechins that the addition of a single hydroxyl group on the flavonoid B ring (see Figure 1 ), leads to substantially faster rates of deuterium incorporation. This result echoes previous studies that have shown that the addition of adjacent hydroxyl groups on the B ring facilitates fast H/D exchange in flavonoids such as rutin and astragalin [9] . For the gallocatechins, the presence of three adjacent hydroxyl groups on the flavonoid B ring may also help to explain the substantially greater extent of deuterium incorporation for these molecules (nine exchanges) compared with the catechins (six exchanges). Closer inspection of the rate constants for the gallocatechins reveals that the first deuterium exchange (K1) is significantly slower than subsequent reactions and the second (K2) and fifth (K5) deuterium exchanges have the fastest overall reaction rates. Such an unusual H/D exchange pattern may indicate that deuterium exchanges are simultaneously occurring at multiple charge sites on the gallocatechins [12] . Examination of the rate constants for the catechins, however, shows that the first deuterium exchange (K1) is the fastest with the reaction rate decreasing for subsequent exchanges which is indicative of a typical sequential deuterium exchange pattern. Therefore, the presence of three hydroxyl groups on the gallocatechin/epigallocatechin B ring not only facilitates faster H/D exchange rates but also provides alternate charge sites in close proximity which likely activates simultaneous deuterium exchanges at several locations on the molecule causing extensive deuterium incorporation.
H/D Exchange of Galloylated Catechin Stereoisomers
Kinetic data for the reaction of the galloylated catechins with deuterium oxide is compiled in Table 2 . All of the galloylated catechins undergo extensive exchange but only incorporate deuterium to the extent expected by the number of labile hydrogens on each ion after deprotonation. Thus, in contrast to the nongalloylated catechins, there is no evidence that the galloylated catechins incorporate deuterium at nonlabile sites via a scrambling mechanism. Presumably the galloylated catechins react with deuterium oxide via a typical relay mechanism [12] , similar to the H/D exchange observed for other flavonoids with D 2 O [9] .
Inspection of the data in Table 2 also reveals that stereoisomerism has a considerable impact on the H/D exchange kinetics of the galloylated catechins. Although catechin gallate and epicatechin gallate exhibit the same maximum number of observed exchanges (six), the magnitude of the individual rate constants differs significantly for these isomers. In particular, the rate constants for the incorporation of the fifth and sixth deuteriums, K5 and K6, are substantially larger (by a factor of ten to twenty) for catechin gallate than epicatechin gallate. It is also interesting to note that for Scheme 1. Proposed scrambling mechanism allowing deuterium incorporation at nonlabile sites on a flavonoid such as catechin or epicatechin. Adapted from Reed and Kass [11] . catechin gallate, the reaction rate for incorporation of the fifth deuterium (K5) is significantly greater than K2, K3, and K4. Although this same pattern of deuterium exchange was observed for the gallocatechins, it does not occur for any of the other galloylated catechins, implying that catechin gallate may have a pattern of deuterium exchange unique to the galloylated stereoisomers, with simultaneous exchanges occurring at multiple charge sites.
The differences in rates of deuterium incorporation for catechin gallate and epicatechin gallate lead directly to observable variations in the mass spectra, particularly at longer exchange times. For example, Figure 4 shows typical H/D exchange data for catechin gallate (Figure 4a ) and epicatechin gallate (Figure 4b ) after 10,000 ms. The base peak for catechin gallate corresponds to the species with six incorporated deuteriums, (d 6 M ϪH) -, whereas the base peak for epicatechin gallate incorporates five deuteriums, (d 5 M Ϫ H) -. When the stereoisomers gallocatechin gallate and epigallocatechin gallate react with deuterium oxide, they also have the same number of observed exchanges (seven). However, comparison of their H/D exchange kinetics shows that the first rate constants for deuterium exchange (K1, K2, and K3) are significantly larger for gallocatechin gallate than for epigallocatechin gallate although the last three exchanges (K4, K5, and K6) are statistically indistinguishable. All of the galloylated catechin stereoisomers studied, which differ only in the Comparing the H/D exchange kinetics of catechin gallate/epicatechin gallate with gallocatechin gallate/ epigallocatechin gallate further confirms that the addition of a hydroxyl group on the flavonoid B ring facilitates fast H/D exchange kinetics. Clearly, the individual H/D exchange rate constants of gallocatechin gallate are generally larger than those of catechin gallate and the same pattern is observed for epigallocatechin gallate and epicatechin gallate.
Gas-Phase Acidity Calculations for Nongalloylated and Galloylated Catechin Stereoisomers
To rationalize these H/D exchange results, we performed high level ab initio calculations to predict the probable deprotonation sites, low-energy conformations, and gas-phase acidities for each of the nongalloylated catechin isomers as well as two of the galloylated catechin stereoisomers. [Because of their large molecular size, it was computationally impractical to complete ab initio calculations for each of the galloylated catechin stereoisomers used in our H/D exchange study. Therefore, we limited our molecular modeling study to catechin gallate and epicatechin gallate, the galloylated stereoisomers found to have the greatest differences in H/D exchange kinetics and extent of deuterium incorporation.] Table 3 summarizes the absolute gas-phase acidities (in kcal/mol) and relative acidities for the nongalloylated catechins as determined at the MP2/6-311 ϩ G(d,p) level of theory. The calculated catechin and epicatechin gasphase acidities range from 340 to 370 kcal/mol and agree with literature values determined by similar computational methods [60, 61] . Closer examination of Table 3 shows that, for catechin, the 3=-OH and 4=-OH protons have nearly the same acidity values (differing by only 0.2 kcal/mol) with the 4=-OH site slightly favored for deprotonation. Our results agree directly with gas-phase acidity computations performed on catechin by Martins et al. using the B3LYP/6-311 ϩ G(2d,2p) method [60] . Epicatechin, however, was determined to have a greater difference in calculated acidity values between the 3=-OH and 4=-OH protons (1.0 kcal/mol), with the 3=-OH slightly favored for deprotonation. A recent study of epicatechin at the B3LYP/6-311 ϩϩ G** level also confirmed a larger gas-phase acidity for the 3=-OH proton when compared to the 4=-OH group [61] . Based on the similarity in the gas-phase acidity values, however, deprotonation is likely to occur readily at the 3=-OH and 4=-OH positions for both catechin and epicatechin. The 3-OH proton is by far the least acidic for catechin and epicatechin indicating this position forms the least stable anion, as expected by its location on the nonaromatic flavonoid C ring (see Figure 1) . Interestingly, a direct comparison between catechin and epicatechin shows that, overall, these stereoisomers have very similar gasphase acidity values, differing by no more than 2.2 kcal/mol. Because catechin and epicatechin have comparable gas-phase acidities and probable deprotonation sites, it is not surprising that these two compounds have indistinguishable H/D exchange kinetics. Although distinct molecular conformations may also lead to differing H/D exchange behavior and rates of deuterium incorporation, the conformational flexibility of the catechins is significant [60] , making molecular conformation unlikely to affect overall H/D exchange results. All gas-phase acidities (⌬H acidity ) are computed using the MP2/6-311 ϩ G(d,p) method as the difference between the total energy (E elec ) of the respective anion (E elec,A-ϭ E 0,A-ϩ ZPE C,A-) and neutral species (E elec,HA ϭ E 0,HA ϩ ZPE C,HA ) where ZPE C is the corrected zero-point energy calculated at the HF/6-31G
Relative acidity is calculated as the difference between the absolute acidity and the lowest calculated anion acidity for each catechin.
The gallocatechin and epigallocatechin gas-phase acidities range from 335 to 370 kcal/mol with the 4=-OH proton favored for deprotonation in both compounds, although deprotonation likely occurs readily at the acidic 3=-OH and 5=-OH positions as well. For both gallocatechin and epigallocatechin, the 3-OH proton is the least acidic, a characteristic shared among all the nongalloylated catechins. A comparison between gallocatechin and epigallocatechin shows similar values for the gas-phase acidities (differing by no more than 2.7 kcal/mol) and nearly identical values at the most likely deprotonation sites, the 3=-OH, 4=-OH, and 5=-OH positions, which differ by no greater than 0.6 kcal/mol between the two molecules. All of the nongalloylated catechins were therefore found to have similar deprotonation sites and comparable gas-phase acidities between stereoisomers. Results from our ab initio calculations correlate directly with our experimental results, showing that the H/D exchange kinetics and rates of deuterium incorporation are not affected by stereoisomerism for the nongalloylated catechins. Table 4 presents the acidities for catechin gallate and epicatechin gallate determined at the MP2/6-311 ϩ G(d,p) level of theory. In general, phenolic protons on the galloylated catechins are significantly more acidic than on the nongalloylated compounds (see Table 3 ). Calculated gas-phase acidities for catechin gallate and epicatechin gallate range from 330 to 344 kcal/mol and the 7-OH position was found to be the least acidic for both of the galloylated catechins. For catechin gallate, the 3Љ-OH and 5Љ-OH sites on the gallate group were determined to be the most acidic, but deprotonation is also clearly favored at the 4Љ-OH and 3=-OH positions, which are only slightly less acidic (less than 1.8 kcal/mol) than the most acidic hydroxyl proton. For epicatechin gallate, the 3Љ-OH group on the gallate group was found to be the most acidic, but deprotonation is also likely to readily occur at the 4Љ-OH, 5Љ-OH, and 3=-OH positions. A direct comparison between gas-phase acidities shows that every catechin gallate hydroxyl proton is more acidic than the corresponding epicatechin gallate one. This is particularly noticeable for the 4=-OH proton, with a calculated gas-phase acidity of 335.5 kcal/mol for catechin gallate and 340.9 kcal/mol for epicatechin gallate.
It is likely, however, that gas-phase conformation is the primary factor contributing to the observed differences in H/D exchange behavior for catechin gallate and epicatechin gallate. Figure 5 presents the lowest energy conformations determined for catechin gallate and epicatechin gallate deprotonated at the 3=-OH, 3Љ-OH, 4Љ-OH, and 5Љ-OH positions, the most favored deprotonation sites according to our calculated gasphase acidities. The catechin gallate molecular ions (Figure 5a , c, e, and g) have the gallate group oriented nearly parallel to the flavonoid B ring in a configuration that is likely to facilitate fast H/D exchange by promoting hydrogen bonding between the charge site and nearby hydroxyl groups and allowing migration of the charge site from the gallate moiety to the B ring. In contrast, the gallate group is oriented nearly perpendicular to the flavonoid B ring for the epicatechin gallate molecular ions (Figure 5b, d, f, and h ). When the gallate moiety and B ring adopt such a perpendicular configuration, this is likely to decrease possible hydrogen bonding interactions by increasing the distance between the charge site and other hydroxyl groups, limiting charge site migration between the two groups and slowing the rate of H/D exchange. Our calculated gas-phase acidities may also explain why H/D exchange occurs at nonlabile sites only for the nongalloylated catechin stereoisomers. The addition of the gallate moiety substantially increases the acidities of all hydroxyl protons on the galloylated catechins when compared with the nongalloylated stereoisomers. A comparison of the least acidic proton of catechin gallate (at the 7-OH position, 343 kcal/mol) and catechin (at the 3-OH position, 370 kcal/mol), shows that there is a significant acidity increase with addition of the gallate group, more than 25 kcal/mol for the least acidic hydrogen. Deuterium incorporation at an allylic or aromatic location requires that the nonlabile hydrogen is in close proximity to the charge site and is relatively acidic compared with labile protons on the molecule, a condition likely to exist for the nongalloylated catechins according to previous computational studies [65, 66] . For the galloylated catechins, however, the hydroxyl protons are substantially more acidic, decreasing the likelihood that an allylic or aromatic proton would be acidic enough to exchange deuterium by the scrambling mechanism. Addition of the gallate group, therefore, effectively quenches H/D exchange via the scrambling mechanism for the catechin stereoisomers.
Conclusions
Stereoisomerism was found to have little effect on the H/D exchange kinetics of the nongalloylated catechins with deuterium oxide. Catechin and epicatechin incorporate deuterium to the same extent with similar rate constants for each deuterium exchange. Gallocatechin and epigallocatechin also exchange the same number of deuteriums with nearly identical individual rate constants. Stereoisomerism was determined to have a considerable impact, however, on the H/D exchange kinetics of the galloylated catechins. Although catechin gallate and epicatechin gallate had the same number of observed exchanges, the magnitude of the individual rate constants differed significantly for the two isomers. Similarly, gallocatechin gallate was determined to have substantially larger individual H/D exchange rate constants than epigallocatechin gallate although both compounds had the same number of observed exchanges. Particularly at longer exchange times, differing deuterium incorporation rates for the galloylated catechins led directly to unique mass spectra for each stereoisomer.
All of the nongalloylated catechin isomers were found to have a greater number of H/D exchanges than predicted by the number of labile hydrogens on the deprotonated molecules, implying that deuterium exchange is occurring via a scrambling mechanism. For the galloylated catechins, however, H/D exchange with deuterium oxide is more likely occurring through a typical relay mechanism, with S chirality of the C2 carbon (CG, GCG) correlated with faster H/D exchange than R (ECG, EGCG).
High-level ab initio calculations were used to predict the probable deprotonation site, low-energy conformations, and gas-phase acidities for the nongalloylated and galloylated catechin isomers to explain our H/D exchange results. For the nongalloylated catechins, stereoisomerism was found to have little effect on calculated gas-phase acidities or the favored deprotonation site. Differences in gas-phase conformation between catechin gallate and epicatechin gallate were used to explain the distinctive H/D exchange kinetics observed for these stereoisomers.
